The optimum electron microscope depends strongly on the material of the object and on the properties to be investigated. Radiation damage is the fundamental limitation for the attainable specimen resolution. Solid objects, such as metals, are primarily damaged by atom displacement resulting from knock-on collisions of the electrons with the atomic nuclei. Damage resulting from ionization and/or electronic excitations is generally negligibly small in for these objects. Because the closely packed atoms in these materials form electronic band structures, an ejected electron is immediately replaced by another electron.
The situation differs for biological material. The specimen resolution of these objects is limited by the maximum tolerable dose because the inelastic scattering events destroy chemical bonds by ionization. The missing electron may be replaced within a sufficiently short time by another valence electron, as it is the case for the π -electrons of aromatic molecules and of carbon nanotubes. If the binding electron is not replaced within a period of about 10 femto-seconds, the bond will very likely break and destroy the structure because the strong electric forces rearrange the positions of the atoms [1] . This damage is especially large for aliphatic molecules whose binding electrons do not form a band structure.
In order to displace an atom from its position of rest by a knock-on collision, the transferred energy must be larger than the displacement energy d E of the atom. This energy depends strongly on the direction of the impact and on the position of the atom within the object because the neighbor atoms will take some fraction of the transferred energy. The maximum transferred energy for an elastic head-on collision of an electron with an atom is
. Here U, m, M and γ denote the accelerating voltage, the rest mass of the electron, the mass of the atom and the relativistic factor, respectively. For carbon and non-relativistic electrons we obtain eU E tm E of carbonaceous material, such as graphite or carbon nanotubes, is about 10eV. To avoid atom displacement for these materials, the accelerating voltage must be lower than about 60kV.
In order to achieve sub-Å resolution for solid objects at such low acceleration voltages, we must correct the chromatic and the spherical aberration of the imaging system and reduce the information limit below 1Å. This mandatory reduction poses very demanding requirements on the electric and mechanical stabilities in the case of low accelerating voltages. Electron spectroscopic imaging with an energy resolution of 0.1 eV requires the incorporation of a monochromator and a highperformance imaging energy filter into the electron microscope.
The TEAM corrector utilizes the symmetry principles of the hexapole corrector, which can only compensate for the spherical aberration of the objective lens. To enable the correction of chromatic and spherical aberration, each of the two hexapole elements is replaced by a symmetric telescopic multipole quintuplet. Within these elements electric and magnetic quadrupole fields are excited, which produce an appropriate astigmatic path of rays and compensate for the chromatic aberration of the round lenses. Additional octopole fields eliminate the spherical aberration and the off-axial coma of the objective lens.
The requirements imposed on the microscope differ for solid specimens and biological objects. The maximum tolerable dose D of the incident electrons determines the achievable specimen resolution limit of organic objects
This limit depends primarily on the image contrast C and on the signal to noise ratio S/N, which is necessary to discriminate in the image an object detail from the noise. The specimen resolution approaches the instrumental resolution )
. The minimum value for S/N is about 4 to 5. Since the tolerable dose is also fixed, we can only decrease the specimen resolution limit by increasing the contrast. For light atoms the phase contrast is dominant.
We obtain highest contrast and maximum S/N at the Gaussian image plane if we eliminate the axial aberrations and shift the phase of the non-scattered wave by 2 / π . In this negative contrast mode, the phase contrast and the amplitude contrast produced by the elastically and inelastic scattered electrons add up with the same sign. In the ideal case, atoms or atom clusters appear as bright spots superposed on the uniform background intensity. To realize this optimum case, we must (a) introduce a micro-phase plate at the diffraction plane or at an image of this plane The use of the inelastic scattered electrons will greatly enhance the contrast if the object is appreciably thicker than the inelastic mean free path length, as it usually happens for biological objects embedded in ice. In this case, many electrons are scattered more than once. These electrons may undergo two or more inelastic scattering events or one inelastic and one elastic scattering process. Inelastic scattering lowers the elastic scattering amplitude reducing the phase contrast. Fortunately, if an inelastic scattered electron undergoes an additional elastic scattering process, the scattered part of the wave is coherent with its non-scattered part. However, the resulting image will be blurred by chromatic aberration. In order to enhance contrast and specimen resolution, we must compensate for the chromatic aberration as well.
Our considerations show that the correction of chromatic and spherical aberration is mandatory to achieve optimum conditions for the imaging of biological and solid objects. In addition, a microphase plate is necessary which shifts the phase of the non-scattered wave by 2 / π
